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A Multiple-Element Scale/Coherence Decomposition
of the Equations of Motion, Analytical/Numerical
Prediction of Organized Turbulent Structure Dynamics
and Subsequent Anisotropic, Non-Gradient Transport
Modeling of High Reynolds Number Flows Over Wings
and Bodies.

Phase 1: 2-D Constant Pressure Flows
Phase II: Complex Flow

a. Unsteady external flow:
impulsive, oscillatory, stochastic.

b. Longitudinal curvature:
leading edge and trailing edge interactions
with streamwise and normal pressure
gradients.

c. Three-dimensionality:

including separations.
d. Compressibility:

including shock interactions.
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I. Executive Summary

A multiple-element scale/coherence decomposition of the Navier-Stokes equations is
employed to compute the Lagrangian evolutionary dynamics of the dominant three-
dimensional, non-linear vortical features in high Reynolds number wall-bounded turbulent
shear flows. Organized turbulent and wave-like structures of various scales, their inter-
actions and transitions between them are computed distinctly and subsequently shall be
modeled. The resultant moae!l is denoted 'coherent structure-reflective' since it is
cerived from equations whose prediction of organized turbulence elements (evolution/

propagation/occurrence; will have been validated through comparison to observations.

This analysis is carried out initially for constant pressure, two-dimensional boundary
layers. The complex effects of a solid boundary (and its associated low Reynolds
number flow regime) on the difficult instability of a non-inflectional mean turbulent
velocity profile indicate the virtues of distinguishing between elements of various

scale and coherence. In addition, the work points out the manner in which this approach

facilitates treatment of all the original N-S equation non-linearities via:
1. The decomposition itself,
2. Perturbations analysis, and

3. Small scale stress/flux modeling.

Subsequert work on complex shear flows involving:

T T T T f.'.'-'?’"‘?
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1. Streamwise and normal pressure
gradients due to curvature,

2. Unsteady external flow,
3. Three-dimensionality, and

4. Compressibility,

is also amenable to structural computation and modeling which is in accord with

observation and the following schematic.
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1. Introduction

The accurate prediction of untested*, high Reynolds number, wall-bounded, turbulent
shear flows in complex situations is sought from a new class of representations of the

time- or ensemble-averaged flow. Such theoretical formulations are herein denoted as:

“"Coherent Structure-Reflective"

in order to emphasize the fact that the various Eulerian closure formulations embody
current experimental reality and are derivable from equations/computations of the

time-dependent organized turbulent structure and its Lagrangian evolutionary details.

Note that such analyses are important in their own right, apart from subsequent modei-
ing, in the understanding of non-linear vortical dynamics. In fact, the simplest set of
equations which contain the essential structural properties required to predict turbulent
transport are tested by direct comparison with observations. Following verification,

the governing structure equations shall be processed to provide a model which resides
somewhere between current multi-equation modeling formulations and LES/full N-S
equation solvers (which provide 'typical' turbulent realizations that may be ensembled),

benefitting from developments in both fields.

For the foreseeable future, at flight Reynolds numbers of interest, modeling will be
required. However, it is the intent of this work to develop formulations more nearly
in accord with experimental observations. Improvement in the prediction of these

flowfields is acnievec by addressing:

*To the ewtent that inssfficient cata is available for traditional case-by-case turbulence
model 'tuning'.
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Multiple-scale,
Anisotropy, and

Non-gradient transport,

phenomena directly in the models, in a manner compatible with experimental data and
rigorously derived from the deterministic structure dynamics equations developed here.
In addition (and particularly for the complex flows to be addressed in subsequent work),
the approach is extended to accomodate truly coherent wave-like oscillations due to
curvature, unsteady excernal flow, three-dimensionality, compressibility and low Rey-

noclds number (near-wall) effects.

As a result, the overall procedure is a:

"Muiltiple-element Turbulence Decomposition”,

where uniguenesses of the flowfield structures associated with various scales and

coherences, their interactions and transitions between them are computed distinctly

(and subseauently modeled) aczording to the following prescription:

N-S\
COHERENT INCOHERENT
STEADY N SCALES INTERACTIONS . M SCALES
periCCIC ™ TRANSITIONS INCOHERENT
-5-
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In this methodology, all norlinearities are accomodated by:

1. The decomposition itself,
2. Perturbation methods, and

3. Modeling small scale stresses/fluxes,

resulting in an expanded set of weakly non-linear equations whose soultion structure
is more readily accessible than that of the primitive or sub-grid-scale-modeled large-

eddy eguations.

The role which observational data or LES/full N-S solutions play in calibrating or
verifying this approach is more subtle than in traditiona! turbulence modeling. The
primary difficuity in this regard, even for two-dimensional constant pressure boundary
layers, is that conventional moageling is rooted in fundamentals which are not in accord
with observation. As a result, extensive empirical adjustment of the various 'constants'
and functionals is required to post-dict the experiment from which the models were
'‘tuned’. The need for calibration is not, however, the Achilles' heel of modeling. The
problem is the situ tion-specific turing of models cictated by the faulty premises on
which they are based. Sufficiently general models may require 'tuning' but only in a

sing.-, simplified flow; ala’' the hot-wire anemometer calibration.

For this reason, it is eaually as difficult to stretch any single-fluctuating-element
two-equation (e.q. k-¢} model into being 'coherent structure-reflective' by comparing
it with tme muitipie-slement computational resuits presented here. This is nct surpri-

sing since thece medels are grounded in:
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Essentially isotropic,

Single scale, and

[\

2. Gradient transport

notions. (In contrast, free-mixing situations, excepting low Reynolds number regions,
are essentially single-scale for which t~pu'f du/dy is not a gradient transport
assumption. In these flows, differential equation representation of the length and
velocity scales enhances already good predictions by accounting for non-equilibrium
effects.) In additicr, current Reynolds Stress Tensor models are nct sufficently mature
for reliable application to complex flows or adaptation to coherent structure reflecive
status. Therefore, the bulk of the work reported here focuses not on adjusting other
models but on compiting coherent structures and formulating models appropriate
thereto. The associated validation of coherent structure reflective models is a simple
non-iterative comparison with observation or LES/N-S solver results, once it has bee
estaplishecd that the deterministic structural equations are grasping the essence of the
three-dimensjonal, nor-linear vortical cynamies. In this regard, some caution must be
exercised when comparing computed streaklines to observatiors and then making

inferences about the _zgranglan structures involved.

Apart from the discrepzncy between single-scale modeling concepts and multiple-scale
flows, another phengmeron arises in wall-bounded situations which adds justification
to the scale/coherence geccmpoesition approach developed here. This is associated with

the low =eynclds number nature of the near-wall region. In fact, the structure of this

unsteady viscous fiow is more nearly instatility wave-like. Therefore, when representting

ail aporacriate fluctustions in the flow near a wall, both wave-like and turbulent
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precesses may be reguirec. The solid boundary essentially damps the turbulent fiuctua-
tions wnile making th2 oraanized oscillations highiy anisotropic, clearly a difficult
nature for essentially isctropic modeling to accomodate under the single-element mo-
geling umzrelis. In fact, this is the reason that e is set egual to zero at the wall,
wa.l, whereas the total dissipation is finite due to anisotropic effects. Therefore, even
ignoring the muitiple-scale nature, conventional single-element modeling oversimplifies
the near wall fluctuaticns/interactions/transitions. Similar complications arise at the

fluctuating interface with the outer flow.

Tnese phenomens irdicate the need to apply multi-element modeling to even simple
flows*, mowever, the two-cimensional, constant pressure turbulent boundary layer is

an appropriate starting point for the deterministic structural computations of interest
nere. This is because tne turbulent mean velocity profile is non-inflectional and thought
L0 pe stable, even to 'apparent viscous' instabilities found in laminar flows. It will be

shown that the resolution of this problem is associated with a delicate interplay between.

i. M™ean velocity profile detalls,
2. Small scale stress,

a. non-equilibrium
5. anisotropy

3. tJon-parailelism, and

4. "Lor-iinearity,

2T £

g firzi dow ~eymzids nyberd stages of even snearec Jrid turbulence develops
“i3miy anisotropiz, wave-iike structures.
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V.5, The Prescription

Tode ., the fzliowing prescristion has heen devised.

1. Decso
T

volti-element decompose the eqguations of motior to differentiate
terweearn events of various scale and coherence, their interactiorg
anc transitions between them. Accomodation for, and subseauent

mcdeling ¢f the orimitive non-linearities is therely facilitatec

a. The decomposition itself,
E. Perturbzstion expansions, and

c. Modeling the small scale stresses/fluxes,

at the orize cof an expanded (vet simplified and essentially rigorous)

set of aoverning equations as follows:

impiemient the pnveics of Section IV.a. into a comprehensive matheatical

ey
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4, Complex flow.

wave-turbulence interactions and transitions. Large scale-
small scale. Signal-background 6-6x (non-parallelism) Remnant

'summing' leads to various added elements u'a and u'8 , etc.

5. Self-perpetuation.

Remnant summing.
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Interactions

1. The superlayer.

High speed (U) external flow 'runs into' high V ejection jets propa-
gating at U/H, partially-entrained and partially disturbed, possibly
setting-up the downstream flow with precursor information. Upstream
and downstream ‘radiation' occurs. The interface between the distur-
bec external irrotational flow and the rotational shear flow is distinct
and a clear transition between differing fluctuating states (coherent
vs. incoherant?). The time-average view of a smoothly-varying

vorticity is irrelevant.

2. The viscous sublayer.

The regior is unsteady and low Reynolds number, indication a
distinctly nom-chaotic nature. It may be understood in terms of
two-.ayer (i.e. spatially-varying v) Langmuir rolls and a streaming

phencmena as a result of wave-turbulence interactions.

3. Inner flow-outer “low synchronization,

The oressure fleld and the external flow, which passes over

)

o r

5 anc proceeds downstream, may serve to unify the

nurst ey

M

inper arg ooter flow.
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Vorticity

Three-dimensional vortex tilting/stretching and breakdown.

vertical vorticity - vertical velocity resonance/non-linear dispersive wave
mechanics.

Three-dimensional local separations.

Curved and sheared flow around 'jets' associated with the fundamental
instability may introduce another class of hairpin vortex structure.

Langmuir circuiation patterns in flows with spatially non-nomogeneous v.

Goertler vortices.

Three-dimensionality

Three-dimensiona: boundary layer instability.

Three-cimensionai local separations.

vertica, vorticity - vertical velocity resonance.

~elicity.

Self-perpetuation.
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2. Critical level interactions are significant to understand the fundamental instability.

"Wiscous' and/or non-linear effects are important but the initial
value problem nature of the vortex dynamics evolution may also

impact the situation.

3. Multiple scale perturbation.

The fundamental instability drives a free shear layer inviscid
instability involving large-scale/small-scale and coherent/
incoherent interactions. There is an equivalence between large-
scale (residual) non-linearity effects and the effect of: coherent
fluctuations on the large scale, large scale fluctuations on the
small scale, etc., leading to "multiple-scale perturbation”

amplitude envelope evolution problems.

4, Cause/effect vs. non-linear flowfield unity.

Note tnat sequential cause-effect within a particular scale/

coherence is equivalent to the aforementioned effect of coherent

fluctuations on large scales, large scales on small scales, etc.

S. Seif-pernetuation.

in & 1irear svstem, nc qQualitative change in dynamics would occur

as a resuit of turbulent burst structure remnants combining.
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carry their own noise generator.) However, like laminar flow, in
terms of the given local state (e.g. §), the typical details can all

be specified. But determining the local state requires initial condi-
*ior and boundary condition (irradiation) statistics and history,
incluging streamwise inhomogeneities and non-equilibrium. Note
alsc that upstream (initial condition contamination) and down-
stream (precursor) radiation of information is possible due to the
fact that the external disturbed (yet not entrained) flow is traveling

at U - U/H relative to the L structure.

Non-linearity

1. Small scale non-linear terms are modelable.

According to Landahl, the large-scale structures are weakly non-
linear as long as the (background) small-scale 'apparent’ stresses/
fluxes or sources’sinks are accountec for in the various interactions/
transitions. very Tine scale effects may simply reduce the effective
Reynolds number bu® caution must be exercisec when adding vy to v
Clearly, the small-scaie non-linearities are non-equilibrium, possibly
anisotrapic, not necessarily Newtorian and Reynclds number-

depsndent. . gradierts . anc/or () lead to streamwise vorticity,

t t

raminiscent of _argmuir circylations.
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The initial condition variability and selective amplification of

ambient or self-induced radiation alsoc have counterparts in the
rain-field. The abstract result is a non-linear box with multiple
feedback, pure tone excitation and expansion/compression (i.e.

amplitude-dependent amplification).

3. Propagation dynamics of large-scale structures.

The streamwise propagation of large-scale structures is
understandable in terms of the equation:

L,, + (U/H)L,x = fL + g,

t
which is the familiar time-dependent integral TBL equation if L = 0
and g = C, . The resultant space-time focusing and wave-like

(vs. diffusive} nature of these non-linear dispersive phenomena is

accessible from such an equation.

4. Observecd 'complex' str:aklines/pathlines/vortex lines may arise from simple

streamiires, thus pointing out the importance of the right viewing reference.

5. Independence of initial concitions.

If the i~itia, concitions (for the wave instability and coalescence)

are the cn.y source of [rreguiaritv, the sclution is not strictly

inceperaent of ritial congitiors. (Note that all numerical schemes

Kb

cataash |
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i '‘viscous'* and, possibly, non-parallel and non-linear (threshold/
hypteresis) effects. Note ‘that experimental data may suffer some
spatial/temporal 'smearing' due to the signal processing. Subsequent
to the discovery of a fundamental mean profile distortion instability
is a secondary free-shear layer inviscid instability, due to non-linear
mean profile distortion, resulting in a multiple-scale perturbation

amplitude evolution problem.
2. Chaotic/statistical occurence of orgarized structures.

Ala' the rain-field model, this may be the natural mathematical
state of weakly-constrained continuous vector fields, as indicated
by strange attractor theory. Clearly, our Eulerian point of view

is deceiving and unnecessarily complicating, as the raindrop model
makes clear. (An alternative metaphorical view of turbulence is
related to traffic flow which points up the need for a Lagrangian
apprcach. Conditionally-sampied data is inevitably an average over
various typical turbulent structures and distinctions between, e.g.,
trucks, buses and cars are smeared out.) Turbulent flow 'patchiness’
is clearly more readily described by fractals or pdf's which depend
on (flow) nistorical inputs regarding instability thresholds and

hysteresis, size/speed variability and a metastable nature.

- Interactions between burst structure remnants into a disturbance

of «ufficient 'size' is represented by the various non-linear terms,

b;. *Ncete gradients in y and/or o are secondary vorticity-inducing and
- streamwise vorticity acts like enhanced transport to the large

- scale ‘low

L.’ - 7 - .
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This process continues as long as the raindrops have potential energy, and there is

no surprise that perpetuation and statistically-scattered impact occur. Similarly, i
once turbulent flow instability waves coalesce (irregularly, dependent on statistically-

distributed nucleation sites), their propagation/interaction and bursting instability

proceeds as long as the main flow has kinetic energy and is unstable.

Followinc the rain-field analogy a step further, it is sufficient (for the composition of
a comprehensive model) to assess deterministic raindrop propagation, interactions and
instability following a giver orpanized structure. Subsequently, it is possible to assemble
a statistical model of drop and burst occurence based on variability in the coalescence

initial conditions and various threshold/hysteresis effects in the individual droplet dynamics.
Returning now to the non-global details, several features of the TBL flow are enumera-
ted here, in accord with the previous definition, which are part of the long-range focus

of this research:

Time-dependence '

1. Periodically-infiectional conditionally-sampled mean TBL velocity profile.

The time-averaged mean profile is non-inflectional and thought to
he stable. Therefore, primary instabiiity must be related to the

small-scale non-linear terms (stresses/fluxes or sources/sinks) ala'

TR b R S

lamirar boundarv layers. Conditionally=sampled structure data should i

be compatibie with computations utilizing non-equilibrium/non-uniform
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RAIN-FIELD 'TURBULENCE'

water vapor instability and coalescence into liquid drops
of various sizes at variously located nucleation sites.

Raindrop descent toward the ground, collision with other
raindrops into a band of sizes of fragments and unstable
assemtlages.

v \

Single raindrop instability and fragmentation.

!

Possible re-transition to water vapor, depending on the
environment.

Ground impact at irregular spatial/temporal intervals
due to initial condition irregularities and historical
experience with interactions of various magnitudes/
threshclds anc hysteresis,
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IV.a. The Building Blocks

wher attempting tc assemble a comprehensive representation of turbulence which
_ is in accorc with, and reflects organized structure physics, it is appropriate to
catalog and examine tne various proven or proposed ccmponent processes. It may
- seem trite, but it is useful for organization, to define turbulence as complex time-

gdependent, non-linear, three-dimensional, vortical interactions. In the process of

documenting the content of the multi-element scale/coherence approach, various

phencmena which are confronted fit within one or more of these categories.

4

- QOverlaying many of these phenomena is a global view of turbulence, similar in some
regards to the following raindrop/rain-field scenario:

[ |

q
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IV. Results

The research work presented here involves analytical/computational investigations
of various aspects of the evolution (in the convected frame), propagation and
statistical occurrence of large scale structures in a TBL flow. Prior to the presen-
tations of calculations, sections which describe the building blocks of the analysis,
the computational prescription and an enumeration of the various facets of the

mathematics and physics which this approach seeks to embrace are presented.
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The secondary objective of this work is to lay the foundation for multi-element com-
putations of turbulent structure and subsequent modeling of more complex flows.

Specifically, the intent is to address the effects of:

1. Longitudinal curvature- including: strong P_ and P_; Possible
re-transition/waves and lofalized
separation at the leading edge; non-
boundary layer wake interaction/
separation/Gaoertler vortices formation
at the trailing edge,

2. Unsteady external flow-impulsive, periodic and stochastic,
3. Three-dimensionality- including separation bubbles, and

4. Compressibility- vorticity/dilatation/pressure fluctuation
interactions of various scales,

These phencomena shall be superposed (not necessarily linearly of simply) on the two-

dimensional constant pressure boundary layer has been studied preliminarily in this

b
r;.:
= first year of research.
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IIl. Objectives

The primary objective of this multi-year research effort is to compute turbulent struc-
tural characteristics and integrate them into models of the flow such that accurate
predictions of untested situations are possible without case-by-case ‘tuning'. Tradition-
ally, Eulerian flowfield predictions focus directly on computing surface stress (including
pressure for viscous interaction cases) and flux distributions, from which they were
tuned, such that the forces, heat loads and wake signature characteristics may be com-
puted. ideally, the modeling may eventually become sufficiently general to accomodate
local or massive separations and all of the complex effects of interest in the subse-

guent phases of this research.

In order to achieve a reliable model of the turbulence which provides such predictions,
we seek to compute Lagrangian turbulence structural details (evolution/propagation/
occurrence), building the foundation of the turbulent stress/flux representations with

the reguisite:

—
.

Multiple scale,

N

Anisotropic, and

)

Non-gradient transport

nature and accomodatirg both turbulent and non-turbulent fluctuations. Subsequently,

abiiity to fabricate models directly frem the multi-element structural equations shall

be assessecC.
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TYPICAL. WAVE - TURBULENCE INTERACTION SIMPLIFICATION
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Sclve larqge scale structure evolution equations and compare results to experi-
mental streaklines.

Compute 'details':

a. Primary distortion and secondary free shear
layer instability amplitude evolution.

b. Sublayer vortices - wavy and acting as
effective variable v in small scale stresses?
Superlayer waviness - entrainment.

c. \ertical velocity - vertical vorticity
interaction/resonance.

d. Non-linear wave-turbulence interactions/
transitions.

e. Three-dimensional separation-type vorticity
generated by curved sheared flow?

Evaluate propagaticnal characteristics of large-scale structures.

Evaluate statistical occurrence: pdf and fractais.

*pverage/mode. the verified large-scale structure governing equations hased on
structura: event computations.

Compute the mean flow with a coherent structure reflective stress model.

Evaluate meaoeling sensitivities.
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nute modeled small scale non-linear terms to getermine if meoeling constants

universa..

pute nor-linear interactions/transitions to verify the validity of perturbation
dures, a: appiied to the multi-eiement decomposed equations.
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.o, Computed Detajls

Dwring the first year ¢f work on this research the bulk of the effort hac been directed

at tme various analytical formulations and numerical codes required to implement the

oreviously-discussed rrescriction. The prelimirary results to be discussed shall be con-
L
” sideranly supplementel in future research reports as the aforementionec research tools
. are re‘inmec anc ms0=s mcre productive. The scope of the work being carried out
- encemnAties:
9 i. _arze Scale Structure Analysis/Computations
.j: . Fathline/Streakline Computations
“ [Il.Gereric Transport Eaquation Analysis/Computaticns
Aitm recarc to the item 1) the first phase of the large scale structure co™nutations
- is cempiete, Gtilizing the multi-element sca.e. coherence decomposition apprcach.
- The compotetion of large scale structures has been carried out utilizing the folicwirg
vorticity eguations:
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FARTIALLY - LINEARIZED 3-D VORTICITY EQUATIONS
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“rese equaticre are cerived from the previously-presented scale/coherence decom-

poced equatiors and accomodate:

a. spatia.ly-varying, non-equilibrium small-scale processes

b. multiple-scale perturbation analysis of residual non-
iinearity and wave-like flow component distoriion
effects (see discussion on 11L.)

(9

evaluatior of vertical velocity-vertica! vorticity
interaction/resocnance.

Tne following results for a typical mode (including only small scale process non-line-

ate the amplitude and phase distributions of the vorticities and vertical
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velotity in the ahsence of waves and large scale structure non-linearity. A simplified

Newtonian mocel is used for ?ij'

cohererce {3t & statlomary phase value) at various locations across the fiow is inci-

One developing hypothesis of the work is that phase

cative of sigrificant irteractiors which the pathlines should reflect. Also, the modal
astemtlage {in a manner which equates temporai and iocal spatial average, or overall
spatia. average for paraile! flow) could be guided by such coherence. The frequency,
wave number anc spatia: iocation in the shear layer of the most unstable mode is in

agreemert wit” experimenta. data.
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TYPICAL EIGEN-PHASE DISTRIBUTION
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THe seconc ares of stuay is the generation and interpretation of three-dimensional
patnlines ang streaklines from the results computed in 1. A typical result which
presents a twe-dimensional cut through the flow is presented here. Ideally, com-
parisor between experimental and theoretical streaklines will serve to validate the

analysis and interpret the data.
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Finally, the following gereric transport equation:

Ly, + (U/HDL, = fL + g,

t
where g exhibits a weak inverse dependence on L, is being analyzed/computed with

respect to the role it plays in:

a. amplitude evolution of secondary instabilities-
residual non-linearity plus wave-like distortion,

b. occurrence statistics,
c. propagation dynamics, and

d. general transient boundary layer behavior.

By utilizing a multiple-scale perturbation approach, the secondary instability amplitude
evalution, for both large-scale non-linearity and the presence of waves, is found to

obey the follewing equation:

S,— + (3f/3w)70 S aS + bSs*

3% =
In addition, current work on pdf representations:

P 3wy dp P T i_’T_o[ ) ‘ Sldz'P ) P(z'.2° ")] +b-a- %(2) g
-537 +3;'- ;: -a—x—'-ﬂu, P -p . - . Sodz'Pf(z ) . ¢ € Oz( 22) )

leads *c a simiiar formelation. Finally, if U is identified with any boundary layer inte-
arzl thickness, the equation may be used to investigate the propagation of 'bulges' in
the fiow and, suhseguently, 2-D interactions between laterally-disglaced structures which
are acdvecting princicaly in the streamwise direction. £t present, computations are

focusing or. obtaining stapnle soiutions with large-amplitude disturbances for which

trajitioral statility theory is not rigerously valid.
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V. Conclusion

Or-gzing werk invoives extensive exercise of the tocls described here and the inclusion
of tne presence ¢f wave-like elements and large-scale non-linearity through a multipie-
scale perturhbation approach. In addition, the optimal representation of 'r'ﬁ is being

stucies in preparation for follow-on research in variable-pressure flows,

_24- |

P S S AP S A LA R SIS NSt e e n” 2" - tendbencs o PRSPPI T W WESNG SETE THE L W SR, SN P VL. vy




SIS i A |

- o hai i e e LW TR W Ll el a3 ~r“‘I'T‘\ Bl gem Bva Awl len Sidg e s -8 S e MR e il *A R tinl v o cad At andl Gl Sl sah Sl SRdRet EAnd Ry

Vi. Bibliography

—_—

1. Blackwelder, R.F., "The Bursting Process in Turbulent Boundary L.ayers," AFG3=
Lehigh workshop, 1981,

2. Brown, G.L. and Thamas, A.5.W., "Large Structure in 2 Turbulent Beundary Layer,”
The Physics of Fluids, Vol. 2C, Ne. 10, Pt. 11, October 1977.

3. Bull, M.K., "wall-Pressure Fluctuations Associated with Subsonic Turbuient Boun-
dary Layer Fiow," JFM, Vol 28, Part 4, pp. 715-754, 1967

4, Falco, R.E., "The Role of Cute F‘ v Coherent Motio ons in the Proguction cf
Turbelence iNear a wall," "’S Lehigh Conference, 1978.

5. Wim, H,7., Kline, S.J. and Reynclds, W.C., "Tne Production of Turbulence Near
& 5’“03 wail in 5 Turbulent Boundary Lc/er " JFM, vol, BS, Fart L, pp. 122-150,
1675,

e. Kiine, S.3., Reynolds, W C., Schraub, F.A. and Runstadier, F.W. ":r—: tructure

y >t

of Turbulert Boundary Lavers,” JFM, Vo‘ 30, Part 4, pp. 741-773, 1527,

7. Wovasznay, L.8.G., Kitens, Valdis and Blackwelder, R.F., "Large-Scale M2*ion in
the intermittent Region of a Turbulent Boundary Layer,” JFiA, Vol. 41, Part 2,
pp. Z83-328, 197C.

g. Landahl, M.7., "Recent Developments in Turbulence Research,” Opering General

9. Mpollo-Cnristensen, £., "Physics of Turbulent Flow,” AT2A J., vol. 9, Mo, 7, 1971,

i0. MNarayanan, M.A, Badri ar2 Marvin, Joseph G., "On the Period of the Coherent
Structure in Boundary Layers st Large Reynolds Numbers," AFCSF Lehich
Zonference, 1976.

11. Cffen, G.5. ard Kline, S.0., "Experiments an the Velocity Characteriztics of
'Brsts' anc on the Intersctions Between t'we ‘ 'ﬁer ang Tuter Regions of a
Terbulent Boundary Layern," Stanford Rep C-31, Decerper 1973

v

e e
«, T . PR S . . L
NN PSP T 5. S S N, S, Lo g o




-

e

o . ~ LA

. ~ .« - P .
sMla%lataataratlalalont oot 8l o




